Abstract. Gas exchange, water relations, and dry weight partitioning of shoot tip cuttings of 'Eckespoint Lilo Red' ('Lilo') and 'Gutbier V-10 Amy Red' ('Amy') poinsettia (Euphorbia pulcherrima Wind. ex Klotzsch) were studied during the initiation and development of adventitious roots. Net photosynthesis (A) and stomatal conductance (g) of cuttings were initially low and remained low until root primordia formation. Foliar relative water content (RWC) and osmotic potential (ψ (ψπ π) ) increased upon formation of root primordia. Following formation of root primordia (2 days before visible root emergence) and concurrent with increasing RWC and ψ ψπ π , , g increased. As roots initially emerged, A and g increased rapidly and continued to increase with further root primordia development and subsequent emergence of adventitious roots. Cutting stem and leaf dry mass and leaf area increased during the first few days after sticking cuttings. During primordium development and initial root emergence, the highest percent increase in dry weight was accounted for by basal stem sections. AU cuttings of both cultivars rooted and had similar root numbers after 23 days, but 'Lilo' cuttings had 15% better rooting and 44% more roots than 'Amy' after 15 days. This research supports the hypothesis that formation and elongation of root primordia coincides with increased gas exchange in poinsettia cuttings, and that gas exchange can be used as a nondestructive indicator of adventitious root development.
The differing physiological responses of cuttings associated with the various developmental stages of adventitious root formation (ARF) are only vaguely understood (Andersen, 1986; Davis and Haissig, 1994; Haissig, 1988; Hartmann et al., 1990) . The developmental stages of ARF include dedifferentiation, root initial formation, root primordia development, and elongation of primordia leading to root system growth and development. The first two stages are critical for successful rooting (Hartmann et al., 1990) . Each stage is most likely associated with specific physiological responses. For example, two different phases of high and low auxin sensitivity have been described, and are associated with preprimordial (target) cells and the later stage of root primordium initiation (Gaspar and Hofinger, 1988) .
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454 Thorne, 1964; Loach and Gay, 1979) .
While previous studies have indicated changes in gas exchange associated with the exogenous morphological stages of ARF, none has reported gas exchange in response to endogenous anatomical development. Since ARF begins as an endogenous process (Hartmann et al., 1990) , it is important to determine if gas exchange rates of leafy cuttings are influenced by the sequential anatomical stages of ARF.
To date, no studies have separated gas exchange rates and water relations responses among the discrete developmental stages of ARF in poinsettia. This study was conducted to determine if changes in gas exchange, water relations, and dry mass partitioning of poinsettia cuttings were linked to specific anatomical stages of ARF, and to determine if changes in gas exchange could be used as nondestructive indicators of the progress of ARF in poinsettia cuttings.
Materials and Methods
Leafy shoot tip cuttings (9 cm long) of 'Eckespoint Lilo Red' ('Lilo') and 'Gutbier V-10 Amy Red' ('Amy') poinsettia were excised from commercially grown plants and shipped overnight (Paul Ecke Poinsettias, Encinitas, Calif.). Upon arrival, cuttings were inserted (basal 4 cm) into 6-cm-top diameter pots filled with 150 ml of a 3 perlite :1 peat (v/v) medium. The medium had been thoroughly rinsed with double-distilled (old) H 2 O. No leaves were removed from cuttings before sticking, nor were rooting compounds used. Cuttings were rooted in a growth chamber: 24C; 380 ± 10 µ CO 2 /liter; 16-h photoperiod; 180 µmol·m -2 ·s -1 (PPF), increased to 250 µmol·m -2 ·s -1 PPF after 15 days, supplied by coolwhite fluorescent lamps and incandescent bulbs; 95%-100% relative humidity (RH), reduced to 80% after 15 days.
For gas exchange measurements, 10 cuttings of each cultivar were removed from the growth chamber (≈2 h after the start of the light PPF; and 57% ± 5% RH. Gas exchange measurements were made at an ambient RH lower than the growth chamber. Light saturation of rooted cuttings was ≈375 µmol·m -2 ·s -1 (Fig. 1 ). Foliar gas exchange of net photosynthesis (A) and stomatal conductance (g) were measured on single, fully expanded leaves (first leaf from the apex having at least 6 cm 2 leaf area) inserted into a 0.25-liter leaf chamber of a portable photosynthesis system (LI-6200; LI-COR, Lincoln, Neb.). Measurements were made 1, 4, 6, 8, 10, 13, 15 , and 23 days after cuttings were inserted into the propagation medium.
As gas exchange measurements were completed, the measured leaf was harvested for determination of relative water content (RWC) and osmotic potential (Y.). To determine RWC, the fresh weight of a 1 -cm 2 leaf disc (without midvein tissue) was recorded. The disc was then floated on dd H 2 O in a 9-cm petri dish for 2 h at 50 µmol·m -2 ·s -1 PPF and 22.2 ± 1.0C, reweighed after removal of excess surface moisture, and weighed after drying for 30 h at 80C. A standard RWC calculation was used (Turner, 1981) . A second disc from the same leaf (enclosed in an airtight vial) was frozen (liquid N) and then thawed in a humid chamber before Ψ π was determined using a C-52 chamber in conjunction with a HR33T dewpoint hygrometer (Wescor, Logan, Utah), according to Turner (1981) .
To determine growth and rooting responses, 10 cuttings of each cultivar were harvested during seven sampling periods: 1,4, 6, 8, 13, 15, and 23 days after cuttings were stuck. The number of leaves, leaf area, leaf dry weight, total cutting dry weight, dry weight of apical and basal portions (basal 1 cm which included roots when present) of cuttings and percentage rooting and number of visible roots (> 1 mm) were recorded. A leaf area meter (LI-COR 3000; LI-COR) was used to measure leaf area. At day 10, cuttings were sampled for gas exchange, but no water relations or cutting dry weight data were taken.
During the eight sampling periods (which included day 10), the basal 1 cm of stems of additional cuttings were fixed in formalinacetic acid-ethanol in vacuo and embedded in Paraplast-plus after serial dehydration in ethanol-tertiary butyl alcohol and serial cross-sections were cut at 11 µm, stained with safranin and fast green, and microscopically analyzed for development of root primordia (Davies et al., 1982) .
The experiment was a completely randomized design with 10 replications (n = 10) per treatment. Data were analyzed using analysis of variance, orthogonal contrasts, and regression analysis (SAS Institute, Cary, N.C.).
Results
Before formation of root primordia, A and g were low (Table 1) . On day 13 when root primordia were first microscopically observed (Fig. 2) , g was more than double the average of previous days for both cultivars. Cutting A also increased slightly on day 13. Two days later, as primordia elongated and roots visibly emerged (day 15), A and g continued to increase. There was a significant interaction between cultivars for A and g when days 15 and 23 were compared to day 13, but generally gas exchange responses were similar for both cultivars.
Root primordia were microscopically observed by day 13, and visible roots emerged on day 15 (Table 1, Fig. 2 ). 'Lilo' had a greater percentage of rooted cuttings and more roots per cutting than 'Amy' on day 15. However, by day 23, all cuttings had rooted, and no cultivar differences in number of roots existed (Table 1) .
Leaf RWC of 'Lilo' and 'Amy' declined through day 8 and increased dramatically with the development of root primordia on day 13 (Table 2) . Osmotic potential (ψ π ) was higher on day 13 (root Table 1 , Net CO 2 exchange rate (A), stomatal conductance (g), and rooting of 'Lilo' and 'Amy' poinsettia cuttings by day. (Means and standard errors for root number, n = 7, for all other means, n = 10). primordia formation) compared to days 1 through 8 (Table 2) . Increases in leaf area, leaf dry weight, and total cutting dry weight occurred the first few days after cuttings were stuck (Table  2) . During primordium formation and first visible root emergence (days 13 to 15), both cultivars averaged a 53% increase in basal stem dry weight, which increased to 230% on day 23 when all cuttings had rooted. Growth of the two cultivars increased in other parameters measured from days 15 to 23, but at a rate lower than basal stem dry weight: leaf area (25%), leaf dry weight (32%), apical stem dry weight (20%), and total cutting dry weight (47%).
Discussion
The strength of this study was that physiological measurements were keyed to root primordia development and elongation, not simply to the presence or absence of roots. In previous studies of leafy cuttings (including woody plants), photosynthesis slowly declined for a few days after excision from the source plant, and remained low until roots emerged (Davis, 1988; Davis and Potter, 1981, 1987; Feldman et al., 1989; Smalley et al., 1991) . The slow initial decline in A was not recorded in this study on poinsettia, nor for unrooted cuttings of Pelargonium ×hortorum that had been shipped unrooted (Arteca et al., 1985) . An initial decline in A may have been recorded for poinsettia if measurement of gas exchange was started immediately following excision from the source plant, rather than after the cuttings had been shipped overnight air 456 express before sticking (which is common practice in the commercial production of poinsettia).
A and g of unrooted cuttings remained low and were unresponsive to increasing PPF. On day 8, A and g of unrooted cuttings did not increase when PPF was increased from 50 to 425 µmol·m -2 ·s -1 (data not shown), whereas A and g of rooted cuttings (day 24) increased with increasing PPF up to ≈375 µmol·m -2 ·s -1 (Fig. 1) . Differing light saturation levels for rooted and unrooted cuttings has been previously reported (Machida et al., 1977; von Schaesberg et al., 1993) .
Increasing g was associated with primordia initiation and development (day 13), and A and g continued to increase with primordia elongation and the first day of visible root emergence (day 15). During primordium elongation and root emergence (days 13 to 15), all cutting dry weight accumulated in the basal stem and emerging roots. Photosynthesis reportedly increased with or following visible root emergence in other species (Davis, 1988; Feldmann et al., 1989; Okoro and Grace, 1976; Smalley et al., 199 1). Von Schaesberg et al. (1993) reported increased A for cuttings of one of two Mangifera rootstock following exogenous calli formation and before visible root emergence, but they did not study anatomical development. In contrast to increased A and g before visible root formation of poinsettia or Mangifera cuttings, A of Simmondsia cuttings (Feldman et al., 1989) , and g of Cornus cuttings (Gay and Loach, 1977) remained low until a measurable root length developed. In previous studies, A returned to peak levels most rapidly in cuttings that rooted quickly (Machida et al., 1977; von Schaesberg et al., 1993; Smalley et al., 1991) . Our data indicates that leaf gas exchange continues before root emergence, but at a reduced rate, and increases rapidly upon root emergence and elongation. The low rates of gas exchange before root primordia formation are likely due to water stress and stomatal closure (Davis, 1988; Loach, 1988) . Concurrent reductions in g, RWC and reduced A before root primordia formation, and then recovery of g and RWC and subsequent increase in A upon root emergence supports the hypothesis that water stress limits A in unrooted cuttings. The lower RWC in 'Lilo' compared to 'Amy' cuttings (day 8) may have been caused by larger leaf area increasing water stress.
It cannot be determined from the poinsettia response whether it is a water relations, hormonal, or source-sink event that occurs first in association with increasing A and g upon primordia formation. However, the gas exchange and dry weight partitioning of poinsettia cuttings are linked to the developmental stages of ARF.
Light quantities of 285-475 µmol·m -2 ·s -1 PPF (Hartley, 1992) Table 2 . Means and standard errors (n = 10) for relative water content (RWC), osmotic potential (ψ π ), number of leaves, total leaf surface area, leaf dry weight (LDW), upper stem dry weight (SDW), basal stem dry weight (BDW), and total cutting dry weight (TCDW) during rooting of 'Lilo' and 'Amy' poinsettia cuttings by day.
have been suggested to optimize rooting of poinsettia cuttings. Increasing PPF from 50 to 425 µmol·m -2 ·s -1 did not increase A or gin unrooted poinsettia cuttings. If higher light is beneficial to root initiation and primordia formation in poinsettia cuttings, the benefit is not a result of increased gas exchange. Light quantity is reported to influence the activity of auxins and synergistic rooting co-factors in cuttings (Gaspar and Hofinger, 1988) . Potentially lower light quantities could be used to hasten root initiation by reducing water stress (Loach, 1988) , with increasing light quantities used just before root primordia emergence to support rapid primordia elongation and root system development.
With the close association of root primordia development and increased" gas exchange, monitoring A and g of cutting leaves could be used as a nondestructive indicator of root primordia development and imminent visible root emergence. To a poinsettia producer, when increased stomatal conductance and net photosynthesis occurs, it should be a cue that it is time to raise light intensity of the propagation beds, so that cuttings can have maximum photosynthesis and more rapid root development.
